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A 3  STRACT 

Ocean Thermal Energy Conversion (OTEC) f a c i l i t i e s  w i l l  b r i n g  l a r g e  
volumes of deep, cold water  t o  t h e  su r face ,  where i t  w i l l  be mixed wi th  
warm su r face  water  a f t e r  t h e  u t i l i z a t i o n  of t h e  thermal  d i f f e r e n t i a l .  
Mixing of t hese  two water  types  w i l l  r e s u l t  i n  exposure of l a r v a l  and 
juven i l e  f i s h e s  en t r a ined  i n  t h e  wamwater i n t a k e  t o  lowered tempera tures .  
A time course of cold shock from simulated en t ra inment  through t h e  planned 
Kahe Po in t  OTEC p l a n t  w a s  used t o  determine p o t e n t i a l  e f f e c t s  upon l a r v a l  
and j u v e n i l e  t r o p i c a l  f i s h e s .  Experiments were designed t o  a l low t e s t i n g  
of d i f f e r e n t  exposure t imes (8 ,  16,  and 24 min) and tempera ture  d i f f e r -  
e n t i a l s  ( d e l t a  T, 5, 10,  and 1 5  C o >  upon d i f f e r e n t  e a r l y  l i f e  s t a g e s  of 
t r o p i c a l  f i s h e s .  

Eggs and yolk sac  l a r v a e  were t e s t e d  f o r  mahimahi, C o r n h a e n a  
hippurus,  and manini,  Acanthurus t r i o s t e m s .  Genera l ly ,  e a r l i e r  s t a g e  
eggs were more s e n s i t i v e  t o  tempera ture  shock, w i th  m o r t a l i t y  inc reas ing  
wi th  i n c r e a s i n g  d e l t a  T as compared t o  c o n t r o l s ;  exposure t ime,  however, 
d id  no t  e x e r t  a s i g n i f i c a n t  e f f e c t .  
s t ages  of eggs occurred a t  t h e  range of t imes  and tempera tures  proposed i n  
cu r ren t  OTEC engineer ing  p lans .  For mahimahi l a r v a e ,  excess  m o r t a l i t y  
increased  wi th  age t o  va lues  h i g h e r  than f o r  l a t e s t  s t a g e  eggs,  bu t  we 
consider  t h i s  t o  be caused by s t r e s s  a s s o c i a t e d  wi th  yolk  exhaust ion.  

S i g n i f i c a n t  excess  m o r t a l i t y  f o r  a l l  

Juven i l e  s t r i p e d  m u l l e t ,  Munil cephalus ,  were a l s o  t e s t e d .  A s i n g l e  
s i z e  range was exposed t o  t h e  same experimental  p ro toco l  as t h e  eggs and 
la rvae .  Although exposure time was n o t  s i g n i f i c a n t ,  d e l t a  T had a s i g n i f i -  
can t  e f f e c t  upon m o r t a l i t y ,  and t h e r e  was a s i g n i f i c a n t  i n t e r a c t i o n  between 
exposure t i m e  and d e l t a  T. 

Suble tha l  e f f e c t s  of thermal  shock were determined by cons ide r ing  t h e  
e f f e c t s  of "predation" upon yolk  s a c  l a r v a e  of mahimahi. 
day 1 pos tha tch  l a r v a e  were exposed t o  t h r e e  d e l t a  T ' s  f o r  t h r e e  exposure 
per iods ,  a t  two l e v e l s  of s imulated p reda t ion  exposure wi th  and wi thout  a 
1-h recovery per iod.  General ly ,  excess  m o r t a l i t y  was g r e a t e r  wi thout  a 
recovery per iod ,  f o r  t h e  e a r l i e r  s t a g e ,  a t  h i g h e r  d e l t a  T, and i n  t h e  
g r e a t e r  "predat ion" pressure .  This  sugges ts  t h a t  e n t r a i n e d  l a r v a e  might 
s u f f e r  s u b l e t h a l  e f f e c t s  a s  w e l l  a s  t h e  d i r e c t  thermal  e f f e c t s  of m o r t a l i t y .  

Newly hatched and 



INTRODUCTION 

S tud ie s  on man-induced thermal  e f f e c t s  on  a q u a t i c  ecosys tems have 
g e n e r a l l y  considered e l e v a t e d  t e m p e r a t u r e s - r e s u l t i n g  from once-through 
cool ing  systems of f o s s i l  f u e l  o r  n u c l e a r  powerplan ts  (Van Winkle 1977; 
Schubel e t  a l .  1978; Talmage and Coutant 1979).  The m a j o r i t y  of t h e s e  
s t u d i e s  have concent ra ted  on h i g h e r  l a t i t u d e  a r e a s  and f r e shwa te r  ecosys- 
tems, a l though r e c e n t  s t u d i e s  have begun t o  c o n s i d e r  mar ine  ecosystems 
(Hoss e t  a l .  1974; Burton e t  a l .  1976; Smith e t  a l .  1979; Barker e t  a l .  
1981). A s  t h e  u t i l i z a t i o n  of marine waters f o r  coo l ing  inc reased ,  con- 
c e r n s  about  nega t ive  impacts  upon f i s h e r i e s  have developed ( S a i l a  1975). 
Although some s t u d i e s  have d e a l t  w i t h  thermal  e f f e c t s  i n  mar ine  systems,  
they have concent ra ted  upon e l e v a t e d  tempera tures .  
development of ocean thermal  energy conversion (OTEC), however, new eon- 
ce rns  have been expressed about exposure t o  decreased  tempera tures  i n  t h e  
e f f l u e n t  plume. This s tudy cons iders  t h e  e f f e c t s  of lowered tempera tures  
upon t r o p i c a l  f i s h e s ,  an area n o t  cons idered  i n  p a s t  s t u d i e s .  

With t h e  proposed 

A g r e a t  d e a l  of i n t e r e s t  has  centered  upon e f f e c t s  of thermal  s t ress  
on f i s h e s ;  i n  p a r t i c u l a r ,  t h e  egg and l a r v a l  s t a g e s  have r ece ived  consid- 
e r a b l e  a t t e n t i o n  due t o  t h e i r  v u l n e r a b i l i t y  t o  en t ra inment  and t h e i r  h igh  
s e n s i t i v i t y  t o  thermal  s t ress  (Hors t  1975; Schubel 1975; Rosenthal and 
Alderdice 1976).  Again, most of t h e s e  s t u d i e s  have  concent ra ted  upon t h e  
e f f e c t s  of e l e v a t e d  temperature ,  p r i m a r i l y  as it a f f e c t s  m o r t a l i t y  (Smith 
e t  a l .  1979; Barker  e t  a l .  1981). R e l a t i v e l y  l i t t l e  work has  been con- 
ducted upon t h e  lower thermal  t o l e r a n c e s  of f i s h  l a r v a e  o r  upon t h e  e f f e c t s  
of lower tempera tures  upon development, p a r t i c u l a r l y  i n  t r o p i c a l  systems. 
Even s l i g h t l y  lowered tempera tures ,  however, may have s u b t l e  b u t  impor tan t  
e f f e c t s  upon l a r v a l  f i s h e s .  Lasker  (1964),  f o r  example, noted normal 
development of l a rva l  P a c i f i c  s a r d i n e ,  Sardinops c a e r u l e a ,  a t  t empera tures  
of 14"-21"C, but  n o  development of a f u n c t i o n a l  jaw a t  tempera tures  of 13°C 
and below. 
were on ly  s l i g h t l y  lower t h a n  t h o s e  observed i n  na tu re .  
F o r r e s t e r  (1971) found t h a t  P a c i f i c  cod, Gadus macrocephalus,  eggs were 
a b l e  t o  t o l e r a t e  v a r i a b i l i t y  i n  s a l i n i t y  and d i s s o l v e d  oxygen i f  w i t h i n  a 
tempera ture  range  of 3O-5"C. Below 3OC, however, egg v i a b i l i t y  decreased 
sha rp ly ,  i r r e s p e c t i v e  of o t h e r  environmental  cond i t ions .  Alderd ice  and 
Velsen (1971) observed abnormal j a w  developnent i n  t h e  l a r v a e  of t h e  P a c i f i c  
he r r ing ,  Clupea pal ias i ,  a t  t empera tures  of 4.0'-4.7 1 ° C ;  op t imal  tempera- 
t u r e  f o r  v i a b l e  ha t ch  was 6.85OC a t  16.41%. . 
observed t h a t  lowered tempera tures  a f f e c t e d  t h e  o r d e r  of appearance of 
developmental f e a t u r e s  i n  embryos of t h e  salmon, Salmo sa la r .  Lowered 
temperatures  a l s o  r e s u l t e d  i n  abnormal h a t c h i n g ;  t h e  l a r v a e  t y p i c a l l y  
emerged head o r  yo lk  s a c  f i r s t  r a t h e r  t han  t a i l  f i r s t  and s u f f e r e d  h ighe r  
t han  normal m o r t a l i t i e s .  May (1974) observed t h a t  B a i r d i e l l a  i c i s t i a  eggs 
r ea red  a t  18OC f a i l e d  t o  develop p a s t  t h e  b l a s t u l a  s t a g e  d e s p i t e  normal 
embryonic development between 20" and 30°C. These and o t h e r  s t u d i e s  demon- 
s t r a t e d  t h a t  temperatures  o n l y  a few degrees  below ambient may cause 
m o r t a l i t i e s  i n  marine f i s h  l a r v a e .  

Larvae were unable  t o  i n i t i a t e  f e e d i n g  a t  tempera tures  which 
Alderd ice  and 

Hayes e t  a l .  (1953) 

Temperature shocks i n  n a t u r e  may a l s o  be c h a r a c t e r i z e d  by s u b l e t h a l  o r  
stress e f f e c t s ,  where t h e  p r o b a b i l i t y  of subsequent  m o r t a l i t y  i s  inc reased  
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(Rosenthal  and Alderdice 1976; Mazeaud e t  a l .  1977) .  Sub le tha l  s t r e s s e s  
may decrease  p reda to r  avoidance c a p a b i l i t i e s  i n  
1977). Coutant e t  a l .  (1974) observed inc reased  p r e d a t i o n  i n  j u v e n i l e  
channel c a t f i s h ,  I c t a l u r u s  punc ta tus  and largemouth bass ,  Micropterus  
salmoides,  t h a t  were exposed t o  va ry ing  co ld  thermal  shocks.  The inc idence  
of p r e d a t i o n  inc reased  w i t h  i n c r e a s i n g  d i f f e r e n c e  between normal and shock 
temperatures .  

n a t u r e  (Coutant  1973; F a r r  

I n  t h e  p r e s e n t  s tudy  we d e s c r i b e  t h e  e f f e c t s  of lowered tempera tures  
on egg and la rva l  s t a g e s  of two r e p r e s e n t a t i v e  s p e c i e s  of t r o p i c a l  marine 
f i s h e s ,  t h e  mahimahi, Corvphaena h ippurus ,  and t h e  manini ,  Acanthurus 
t r i o s t e p u s .  We a l s o  determine t h e  e f f e c t s  upon j u v e n i l e  s t r i p e d  m u l l e t ,  
Munil cephalus .  By cons ide r ing  p e l a g i c ,  reef -dwel l ing ,  and nea r shore  
spec ie s ,  t h e  r e s u l t s  of t h e s e  experiments  should provide v a l u a b l e  d a t a  f o r  
understanding p o t e n t i a l  e f f e c t s  of OTEC on t r o p i c a l  marine ecosystems and 
t h e  r e l e v a n t  f i s h e r y  r e sources .  

MATERIALS AND METHODS 

Experiments were conducted a t  t h e  Kewalo Research F a c i l i t y  of t h e  
Southwest F i s h e r i e s  Center  Honolulu Laboratory,  where t h e  c a p a b i l i t y  t o  
n a t u r a l l y  spawn p e l a g i c  and r e e f  f i s h e s  provided exper imenta l  animals .  The 
primary s p e c i e s  used were t h e  mahimahi, C. hippurus ,  and t h e  manin i ,  A. 
t r i o s t e n u s .  Although both  s p e c i e s  have p e l a g i c  eggs and larvae, a d u l t s  of 
t h e  mahimahi remain p e l a g i c  and j u v e n i l e  manini s e t t l e  on t h e  r e e f .  Juve- 
n i l e  s t r i p e d  m u l l e t ,  M. cephalus ,  were a l s o  used i n  thermal  t o l e r a n c e  
experiments  due t o  t h e i r  a v a i l a b i l i t y  i n  t h e  sha l low waters of Oahu. 

Two types  of experiments  were conducted. The f i r s t  exper iments  
considered m o r t a l i t y  of eggs,  larvae, and j u v e n i l e  f i s h  caused by lowered 
temperatures .  Our experimental  des ign  cons idered  an  a n a l y s i s  of t h e  t i m e -  
temperature  h i s t o r i e s  f o r  seawater pumped through and d ischarged  from 
t y p i c a l  OTEC ope ra t ions  (Myers').  This  des ign  (F ig .  1 )  i s  p a t t e r n e d  a f t e r  
t h e  engineer ing  p l a n s  f o r  t h e  Ocean Thermal Corpora t ion ' s  (1983) planned 
Kahe P o i n t  f a c i l i t y .  Warm s u r f a c e  water (74.54 m3/sec a t  25.5OC) i s  drawn 
i n t o  t h e  p l a n t  and immediately mixed wi th  t h e  warmwater e f f l u e n t  from t h e  
e x i s t i n g  o i l - f  i r e d  p l a n t  (31.85 m3/sec a t  31.3 "C) , r a i s i n g  t h e  tempera ture  
of t h e  mixed water  t o  27.2OC. A s  t h i s  mixed water f lows through t h e  h e a t  
exchangers,  a s m a l l  t empera ture  drop  r e s u l t s  and then  t h e  f i n a l  t empera ture  
drops t o  approximately 16.7"C. The time f r a n e  f o r  a change from ambient t o  
mixed temperatures .  i s  (1 min. The t r a n s i t  th rcugh t h e  mixed e f f l u e n t  p ipes  
would be approximately 8 min (Fig.  1) b e f o r e  r e l e a s e  n e a r  a depth  of 100 m, 
where a d i l u t i o n  per iod  of about 1 min would b r i n g  t h e  tempera ture  back t o  
w i t h i n  2°C of t h e  su r face  temperature .  

Attempts were made t o  s imula t e  r e p r e s e n t a t i v e  thermal h i s t o r i e s  i n  t h e  
experiments;  a n  excep t ion  i s  t h a t  we d id  n o t  i nc lude  t h e  smal l  tempera ture  

'E. Myers, Ocean Minerals  and Energy, NOAA, Washington, D.C. 20235, 
pers .  commun. 
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inc rease  (F ig .  1) a s s o c i a t e d  wi th  t h e  hea ted  e f f l u e n t  a d d i t i o n  b e f o r e  
thermal shock. This  would have made our  design more complex and may have 
made i n t e r p r e t a t i o n  d i f f i c u l t .  S imi l a r  larval  f i s h  experiments  have been 
conducted by Smith e t  a l .  (19791, who used a squa re  wave exposure des ign ;  
l a r v a e  acc l imated  t o  normal tempera tures  were exposed f o r  va ry ing  p e r i o d s  
t o  t h e  a l t e r n a t e  tempera ture  and t h e n  r e tu rned  t o  ambient tempera tures .  
our  des ign ,  t h e  exper imenta l  v a r i a b l e s  cons idered  a r e  s t a g e  of egg o r  
l a r v a l  development, magnitude of thermal  shock ( d e l t a  TI, and d u r a t i o n  of 
lowered tempera ture  exposure. Developmental s t a g e  c l a s s i f i c a t i o n  f o r  mahi- 
mahi was ob ta ined  from Palko e t  a l .  (1982);  manini eggs were s t aged  us ing  
Oppenheimer's (1937) c l a s s i f i c a t i o n s .  The v a l u e s  f o r  d e l t a  T and exposure 
t i m e s  were chosen t o  encompass t h o s e  of t h e  proposed design.  
proposed d e l t a  T i s  approximately 8 C o  (F ig .  11, v a l u e s  chosen f o r  ou r  work 
were 5 ,  10, and 1 5  C o .  Exposure t imes  of 8, 16 ,  and 24 min were chosen f o r  
va lues  f o r  ou r  experiments.  

I n  

S ince  t h e  

The second s e r i e s  of experiments  cons idered  t h e  s u b l e t h a l  e f f e c t s  of 

Larvae were exposed t o  a tempera ture  shock 
lowered tempera tures  on l a r v a l  mahimahi. In  t h e s e  experiments ,  two s t a g e s  
of yo lk  sac l a r v a e  were used. 
vary ing  i n  t i m e  and magnitude, as above, and t h e n  r e tu rned  t o  a t a n k  wi th  a 
preda tor .  Various p l ank t ivo rous  f i s h e s  found i n  Hawaiian wa te r s  were 
t e s t e d  as p o t e n t i a l  p reda tors .  None of t h e  s p e c i e s  t e s t e d  were a b l e  t o  
s u c c e s s f u l l y  adapt  t o  t h e  experimental  tanks.  I n s t e a d ,  exposure t o  a 
cons tan t  f low siphon system was used t o  s imula t e  a p reda to r .  

Thermal Exposure Experiments 

Corvphaena h ippurus ,  Mahimahi 

Mahimahi brood s t o c k s  were k e p t  a t  t h e  Kewalo Research F a c i l i t y  i n  
v a r i o u s  flow-through c i r c u l a r  t anks  a t  ambient t empera tu res  of 23.5 t o  
24.5OC; tanks  of two d i f f e r e n t  s i z e s  ( 5  o r  7.2 m d i ame te r ) ,  depending on 
a v a i l a b i l i t y ,  were used t o  hold  f i s h .  

During t h e  course  of t h e  experiments ,  t h e  brood s t o c k s  spawned every 
o t h e r  day without  a r t i f i c i a l  i nduc t ion .  Mahimahi eggs a re  s p h e r i c a l  (1.52- 
1.66 mm i n  d i ame te r ) ,  buoyant,  and have a s i n g l e  o i l  g lobu le  (0.31-0.34 mm 

approximately 54 h a f t e r  spawning; t h e  l a r v a e  ranged from 4.3 t o  5.4 mm 
s tandard  l e n g t h  (SL). 

I i n  d iameter ) .  A t  a n  ambient water  temperatt ire of 26OC, t h e  eggs hatched 

The experimental  design was a s  fo l lows:  A complete s e r i e s  of exper i -  
ments was composed of t h r e e  t es t s ;  each t e s t  c o n s i s t e d  of one d e l t a  T with 
samples from s i x  developmental  s t a g e s  a t  t h r e e  exposure t imes  i n c l u d i n g  a 
con t ro l  and r e p l i c a t e s .  The developmental s t a g e s  used were t h r e e  egg 
s t a g e s  (0, 12,  and 24 h p o s t f e r t i l i z a t i o n )  and t h r e e  la rva l  s t a g e s  (day of 
ha tch ,  day 2,  and day 4 pos tha tch ) .  Three exposure t i m e s  (8, 16,  and 24 
rnin), as w e l l  a s  a c o n t r o l  were used f o r  each of t h r e e  tempera ture  shocks 
( d e l t a  T, 5 ,  1 0 ,  and 1 5  G o >  below t h e  ambient tempera ture  (26OC). Three 
r e p l i c a t e  samples were used f o r  each of t h e  3 exposure t imes  and t h e  
c o n t r o l ;  t h u s  t h e r e  were 1 2  samples f o r  a s i n g l e  developmental  s t a g e  p e r  
temperature  drop and a t o t a l  of 72 samples p e r  t e s t .  F i f t y  eggs o r  20 
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larvae p e r  r e p l i c a t e  were used i n  t h e s e  experiments .  For each t e s t ,  t h e  
eggs and l a r v a e  used were obta ined  from a s i n g l e  spawning day. S p e c i f i c  
c o n t r o l s  f o r  each spawning were necessary  because egg q u a l i t y  may vary  
among spawnings (Kazama2). 

Mahimahi eggs were c o l l e c t e d  w i t h i n  10-20 min a f t e r  spawning. The eggs 
were ga the red  i n  a f i n e  mesh d i p  n e t  as they  f l o a t e d  a long  t h e  s u r f a c e  of 
t h e  water; they  were p laced  i n  a 22 .8- l i te r  (6-ga l lon)  bucket  w i th  seawater 
from t h e  p a r e n t a l  tank.  The procedure was r epea ted  u n t i l  4,000-5,000 eggs,  
a number s u f f i c i e n t  t o  conduct a t e s t ,  were c o l l e c t e d .  The eggs were imme- 
d i a t e l y  t aken  i n t o  t h e  l a b o r a t o r y  and m i l d l y  a e r a t e d .  Samples were removed 
and checked f o r  normal f e r t i l i z a t i o n  and development. They were t h e n  placed 
i n  a 1 0 0 - l i t e r  t ank  w i t h i n  a water b a t h  tank main ta ined  a t  26OC. The 100- 
l i t e r  tank  and t h e  water b a t h  contained a e r a t e d  seawater f i l t e r e d  through a 
0.22 g m  M i l l i p o r e 3  f i l t e r  system. A photo pe r iod  w i t h  18  h of l i g h t  and 6 
h of darkness  (18L:6D) was main ta ined  wi th  t imers  on a f l u o r e s c e n t  l i g h t  
system d i r e c t l y  above t h e  water b a t h  tank.  Marine microa lgae  (Tet rase lmas  
sp. and I s o c h r v s i s  sp.) were added i n  small q u a n t i t i e s  t o  t h e  1 0 0 - l i t e r  tank 
and t h e  ambient water b a t h  tank  t o  main ta in  water q u a l i t y .  On day 1 post-  
ha tch ,  t h e  1 0 0 - l i t e r  t ank  was inocu la t ed  wi th  r o t i f e r s  (Brachionus s ~ . )  a t  
t h e  concen t r a t ion  of 1-2/ml. This  food d e n s i t y  was maintained u n t i l  t h e  ter- 
mina t ion  of t h e  experiments  a t  day 5 posthatch.  A t  26OC yolk was absorbed by 
day 2 pos tha tch .  

Egg and l a r v a l  samples were p laced  i n  1 - l i t e r  p l a s t i c  beakers  modif ied 
f o r  water t r a n s f e r  by c u t t i n g  s i x  windows symmetr ica l ly  a long t h e  t o p  of 
t h e  beaker .  
aquarium grade s i l i c o n e  cau lk ing  m a t e r i a l  which was cured and soaked i n  
f r e shwa te r  t o  l e a c h  out p o t e n t i a l  t ox ins .  Beakers were l abe led  and t h e  
eggs o r  larvae randomly d i s t r i b u t e d  among t h e  beakers .  
suspended i n  t h e  ambient tempera ture  (26OC) water b a t h  by r i n g s  of s tyro-  
foam. A f ine-pore  a i r s t o n e  w a s  suspended i n  each beaker  and t h e  seawater 
g e n t l y  a e r a t e d .  The beakers  t o  be sub jec t ed  t o  t h e  thermal  shock were 
i n d i v i d u a l l y  t r a n s f e r r e d  from t h e  ambient tempera ture  water b a t h  tank  
(hold ing  t ank)  t o  t h e  t r ea tmen t  tank  (shock t ank) .  The shock tank  was 
main ta ined  a t  t h e  d e s i r e d  tempera ture  f o r  t h e  t e s t - - d e l t a  T of 5 ( 2 l o C ) ,  10 
(16"C), o r  1 5  C" ( l l ° C ,  a l l  f 0.5OC)--by use of a coo l ing  u n i t  i n  t h e  shock 
tank. 

The windows were covered w i t h  350 v m  Ni tex  mesh a t t a c h e d  wi th  

The beakers  were 

The t r a n s f e r  was made by a l lowing  t h e  ambient seawater  i n  t h e  beaker  
t o  d r a i n  t o  t h e  bottom of t h e  screened window, approximately one-fourth t h e  
he igh t  of t h e  beaker.  It w a s  t hen  placed i n  t h e  shock tank and t h e  c o l d e r  
seawater  allowed t o  b r i n g  t h e  water volume t o  1 l i t e r .  Then 4 l i t e r s  of 
seawater from t h e  shock t a n k  were siphoned i n t o  each  1- l i te r  t e s t  beaker  

" 

2T. Kazama, Southwest F i s h e r i e s  Center  Honolulu Laboratory,  Nat iona l  

3Reference t o  t r a d e  names does n o t  imply endorsement by t h e  Nat iona l  
Marine F i s h e r i e s  Se rv ice ,  NOAA, Honolulu, H I  96812, pers .  commun. 

Marine F i s h e r i e s  Se rv ice ,  N O M .  
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through a 5-mm i n s i d e  d iameter  (ID) hose. 
d rop  from t h e  ambient tempera ture  (26OC) t o  t h e  d e s i r e d  shock temperature .  
This  procedure was repea ted  f o r  each  of n i n e  t e s t  beakers  p e r  s t a g e  exposed 
t o  t h e  thermal  shock. The t h r e e  c o n t r o l  beakers  p e r  s t a g e  were handled 
i d e n t i c a l l y  except  t h a t  i n s t e a d  of t r a n s f e r r i n g  t h e  c o n t r o l  beakers  t o  t h e  
shock t ank ,  t h e  c o n t r o l  beakers  were p laced  back i n t o  t h e  hold ing  tank  and 
an equal  volume of ambient seawater was used i n  t h e  exchange. 

This produced a 1-min tempera ture  

Af t e r  t h e  a p p r o p r i a t e  exposure t i m e  i n  t h e  shock t ank ,  each t e s t  beaker  
was a g a i n  allowed t o  d r a i n  t o  t h e  bottom of t h e  screened  window, r e tu rned  t o  
t h e  ho ld ing  tank ,  and, over  a pe r iod  of 1 min, f looded  w i t h  ambient seawater  
from t h e  water  b a t h  t o  b r i n g  t h e  tempera ture  up t o  24°C. 
l e f t  i n  t h e  hold ing  tank s o  t h a t  t h e  water  tempera ture  could s lowly  r e t u r n  
t o  t h e  ambient (26°C); t h i s  r e q u i r e d  approximately 1 h. 
were kep t  i n  t h e  ho ld ing  t ank  a t  ambient tempera ture  u n t i l  t h e  t e r m i n a t i o n  
of t h e  tes t .  The c o n t r o l  beakers  were handled i n  t h e  same manner but  w i th  
no thermal  shock. 

The beaker  was 

The t e s t  beakers  

The egg samples were h e l d  i n  t h e  t e s t  beakers  u n t i l  day 1 pos tha tch .  
Mor ta l i t y  and development d a t a  were recorded  d a i l y .  
a f t e r  t h e  thermal shock occurred ,  t h e  egg samples exposed t o  t h e  shock and 
t h e  c o n t r o l  samples were checked f o r  m o r t a l i t i e s  and inc idences  of abnor- 
m a l i t i e s  a s  desc r ibed  by Rosenthal and Alderd ice  (1976). The rea f t e r ,  eggs 
were checked every 24 h u n t i l  day 1 pos tha tch  r e c o r d i n g  of m o r t a l i t y  o r  
abnormali ty .  On day 1 pos tha tch ,  t h e  egg samples were te rmina ted ;  su rv iv ing  
and dead eggs were counted and recorded.  
t h e  eggs and l a r v a e ,  as w e l l  a s  t i m e  de lays  i n  ha t ch ing ,  were a l s o  recorded.  
Surv ivors  were n o t  used i n  subsequent  experiments .  

Approximately 1 2  h 

Observat ions of a b n o r m a l i t i e s  i n  

Methodology f o r  experiments  w i t h  larvae was s imilar .  Dead l a r v a e  were 
removed 1 h a f t e r  t h e  thermal  shock, and then  k e p t  i n  t h e  t e s t  beakers  f o r  
per iods  ranging  between 16  and 24 h postshock. 
te rmina ted ,  t h e  number of dead and su rv iv ing  was recorded.  Surv ivors  were 
n o t  used i n  subsequent experiments .  

When t h e  experiment was 

Egg and l a r v a l  samples were l abe led  and p rese rved  i n  3% Formalin ( i n  
Dead eggs found a t  seawater)  during two t e s t s  conducted a t  d e l t a  T 5 G o .  

i obse rva t ion  i n t e r v a l s  were recorded ,  l abe led ,  and p rese rved ;  a t  t h e  termi- 
n a t i o n  of t h e  experiment,  su rv iv ing  and dead eggs were preserved.  Dead 
larvae found 1-h pcs tshock  were l abe led  and p rese rved ;  when t h e  experiment 
was te rmina ted ,  surv iv ing  and dead l a r v a e  were counted and preserved .  

Acanthurus t r i o s t e p u s ,  Manini 

Manini brood s tocks  were kep t  a t  t h e  Kewalo Research F a c i l i t y  i n  a 
7.2-m diameter  tank  a t  ambient tempera tures  of 23.1" t o  23.4OC. Various 
s p e c i e s  of tuna were u s u a l l y  a l s o  i n  t h e  tank  b u t  d i d  n o t  i n t e r f e r e  w i t h  
t h e  spawning a c t i v i t y  of t h e  manini .  During t h e  experiments ,  t h e  brood 
s t o c k  spawned n a t u r a l l y  two t o  t h r e e  t imes  a week u n t i l  mid-October 1984, 
a f t e r  which spawning became less f r equen t  (once a week a t  most) .  A few 
days b e f o r e  pe r iods  of a f u l l  moon, however, spawning a c t i v i t y  increased .  
Manini eggs a r e  s p h e r i c a l ,  0.63-0.70 mm i n  diameter, buoyant,  and have a 



6 

s i n g l e  o i l  g lobule  (0.15-0.18 mm i n  d iameter ) .  
temperature  of 26OC, t h e  eggs hatched approximately 36 h a f t e r  spawning. 
A t  ha tch ing ,  t h e  l a r v a e  ranged from 2.03 t o  2.43 mm i n  length .  

A t  an  ambient seawater  

The experimental  des ign  was i d e n t i c a l  t o  t h e  mahimahi procedures  wi th  
some except ions .  Only t h r e e  developmental s t a g e s  were used f o r  each tes t  
(two egg s t a g e s ,  0 and 18 h p o s t f e r t i l i z a t i o n ,  and one yo lk  s a c  l a r v a l  
s t age ,  day 1 pos tha tch ) .  The complete s e r i e s  of experiments  c o n s i s t e d  of 
t h r e e  t e s t s ,  each wi th  one d e l t a  T, t h r e e  developmental s t a g e s  a t  t h r e e  
exposure t imes wi th  a c o n t r o l ,  and t h r e e  r e p l i c a t e s  of each. The exposure 
t imes and t h e  temperature  drops were t h e  same. A t e s t ,  t h e r e f o r e ,  con- 
s i s t e d  of t h r e e  12-sample beaker  r u n s  a t  each tempera ture  drop. A s  i n  t h e  
previous experiments ,  50 eggs and 20 l a r v a e  were used p e r  r e p l i c a t e .  

Manini eggs were c o l l e c t e d  wi th in  10-30 min a f t e r  spawning. The eggs 
were handled and processed i n  t h e  same manner as t h e  mahimahi eggs. The 
beakers used i n  t h e s e  experiments  were s i m i l a r  t o  those  used f o r  mahimahi 
except t h a t  t h e  bottom w a s  pa in t ed  wi th  b l ack  epoxy r e s i n  p a i n t  t o  f a c i l i -  
t a t e  obse rva t ions  of t h e  smal l ,  semi t ransparent  l a r v a e .  Also,  t h e  windows 
were covered wi th  250 v m  Nitex mesh. The beakers  were soaked t o  l e a c h  out  
p o t e n t i a l  t ox ins .  Ind iv idua l  beakers  were no t  a e r a t e d  i n  t h e s e  exper i -  
ments, bu t  t h e  wa te r  b a t h  was v igo rous ly  ae ra t ed .  The t e s t  beakers  were 
t r a n s f e r r e d  and exposed t o  t h e  thermal shocks as i n  t h e  mahimahi experi-  
ments. 
was I s o c h r v s i s  sp. 

The only  microalga used as water  c o n d i t i o n e r  i n  t h e s e  experiments  

The procedure by which egg and l a r v a l  samples were t r e a t e d  a f t e r  t h e  
thermal shocks d i f f e r e d  from previous  experiments .  The egg samples were 
he ld  i n  t h e  tes t  beakers  u n t i l  day of hatch.  Due t o  t h e  s m a l l  s i z e  and 
f r a g i l e  n a t u r e  of t h e  l a r v a e ,  m o r t a l i t y  and abnormali ty  d a t a  were recorded 
only  a t  t h e  t e rmina t ion  of each experiment. M o r t a l i t y ,  s u r v i v a l ,  and 
abnormality of eggs and l a r v a e ,  a s  w e l l  as t ime de lays  i n  ha t ch ing ,  were 
a l s o  recorded  a t  t h i s  t ime. Survivors  were no t  used i n  subsequent exper i -  
ments. Larva l  samples were h e l d  f o r  24 h postshock;  t h e  numbers of dea ths  
and su rv ivo r s  were s i m i l a r l y  recorded a t  t h e  t e rmina t ion  of experiments.  
A t  t h e  t e rmina t ion  of each tes t  a l l  egg and l a r v a l  samples were l a b e l e d  and 
preserved  i n  3% Formalin ( i n  seawater ) .  

Muail cephalus ,  S t r iped  Mu1 le t  

Mullet  j u v e n i l e s  were c o l l e c t e d  between 8 November and 18  December a t  
Waialae Beach Park,  Honolulu, Hawaii, The j u v e n i l e s  were kep t  i n  2-m c i rcu-  
l a r  flow-through tanks i n  water  between 25" and 26OC. They were f e d  a v a r i e d  
d i e t  i nc lud ing  t r o u t  and c a t f i s h  chow, l i v e  b r i n e  shrimp, Artemia sp., and 
commercial f l a k e  f i s h  food. The f i s h  used i n  t h e  experiments  ranged from 
25.8 t o  66.5 mm SL. 

The b a s i c  experimental  design was s i m i l a r  t o  t h a t  used wi th  l a r v a l  
s t a g e s ,  except  t h a t  t h e  j u v e n i l e  experiments were conducted on a l a r g e r  
s ca l e .  A complete s e r i e s  of experiments cons i s t ed  of t h r e e  t e s t s .  
s t age  ( j u v e n i l e  f i s h )  was used i n  each t es t ,  but exposure t imes and d e l t a  T 
were t h e  same a s  those  i n  t h e  o t h e r  experiments.  

Only one 

Two complete s e r i e s  of 
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experiments  were run. I n  t h e  f i r s t  series, t h r e e  r e p l i c a t e s  were used f o r  
each exposure t i m e  and c o n t r o l ;  i n  t h e  second ser ies ,  only  two r e p l i c a t e s  
were used due t o  t h e  a v a i l a b i l i t y  of f i s h .  Ten j u v e n i l e s  were used f o r  each 
sample . 

Juven i l e s  were randomly t r a n s f e r r e d  from t h e  o u t s i d e  ho ld ing  t anks  t o  
3 8 - l i t e r  (10-gal lon)  g l a s s  a q u a r i a  i n  groups of 5 f i s h  p e r  t ank  u n t i l  each 
tank contained 10 f i s h .  A 200-W submersible  h e a t e r  i n  each tank  main ta ined  
a 26°C ambient seawater tempera ture ;  water  was c i r c u l a t e d  by use  of an air-  
s tone  suspended i n  each tank.  The a l g a ,  Te t rase lmas  sp. ,  was added i n  s m a l l  
q u a n t i t i e s  t o  main ta in  water q u a l i t y .  The f i s h  were al lowed t o  a c c l i m a t e  i n  
t h e  tanks  f o r  4 t o  5 h b e f o r e  t h e  exposure exper iments  were conducted. F i s h  
i n  tanks t o  be subjec ted  t o  t h e  thermal shock were t r a n s f e r r e d  t o  a 4- l i ter  
bucket 5 min b e f o r e  t h e  exposure.  
water exchange; each bucket  had 3-mm ho les  uni formly  cu t  from t h e  t o p  t o  t h e  
1 . 5 - l i t e r  level. The f i s h  were t h u s  t r a n s f e r r e d  t o  t h e  shock t a n k  i n  approx- 
imately 1 .5  l i t e r s  of ambient seawater .  Gradual ly ,  t h e  bucket  w a s  submerged 
and f looded  w i t h  t h e  c o l d e r  seawater; t h i s  produced a 1-min tempera ture  drop 
from t h e  ambient temperature  t o  t h e  d e s i r e d  shock tempera ture  (20.5OC). The 
process  was r epea ted  f o r  each of t h e  tes t  tanks .  The c o n t r o l  t anks  were 
handled i d e n t i c a l l y  except  t h a t  t hey  were p laced  back i n t o  t h e i r  r e s p e c t i v e  
hold ing  t ank  and submerged and f looded  wi th  ambient seawater. 

The buckets  were modif ied t o  f a c i l i t a t e  

Two minutes  be fo re  t e rmina t ion  of t h e  exposure,  co lde r  seawater was 
added t o  t h e  hold ing  tanks  t o  reduce t h e  tempera ture  t o  24°C. A f t e r  t h e  
a p p r o p r i a t e  exposure t i m e  f o r  each sample, buckets  were d ra ined  t o  t h e  1.5- 
l i t e r  mark and g r a d u a l l y  submerged and f looded  w i t h  seawater i n  t h e  hold ing  
tank. This  brought  t h e  t e s t  f i s h  t o  24OC i n  1 min. The h e a t e r s  r a i s e d  t h e  
temperature  t o  26°C over  a pe r iod  of 30 min t o  1 h. The c o n t r o l  f i s h  were 
handled i n  t h e  same method, except  t h a t  t h e  water  was maintained a t  t h e  
ambient tempera ture  (26°C). The f i s h  were kep t  i n  t h e  hold ing  tanks  f o r  24 
t o  48 h postshock. 

I n  t h e  f i r s t  series of experiments  w i t h  t h r e e  r e p l i c a t e s ,  o n l y  dead 
f i s h  were l abe led  and preserved;  a l s o ,  two f i s h  from each hold ing  tank  were 
measured be fo re  they  were r e l e a s e d .  
= 5 CO), f i s h  t h a t  had been used i n  t h e  d e l t a  T 18 C o  were among those  used 
i n  t h e  exposures .  Also, a t  d e l t a  T 5 Co, two s u r v i v i n g  f i s h  from each tank 
were measured and preserved .  Measurements were a l s o  made on dead f i s 'n ;  t h e  
f i s h  were l a b e l e d  and preserved  i n  10% Formalin ( i n  seawater ) .  
second ser ies  of experiments  w i t h  two r e p l i c a t e s ,  a l l  f i s h  were l a b e l e d  and 
preserved a t  t h e  t e rmina t ion  of t h e  t es t  i n  10% Formalin ( i n  seawa te r ) .  

I n  t h e  l a s t  t e s t  i n  t h e  se r ies  ( d e l t a  T 

I n  t h e  

P reda t ion  Experiments 

Mahimahi Larvae 

Mahimahi eggs were c o l l e c t e d  wi th in  6-8 h a f t e r  spawning, p laced  i n  
1 0 0 - l i t e r  t anks ,  and allowed t o  develop as  p r e v i o u s l y  descr ibed  f o r  t h e  
mahimahi thermal  shock experiments .  Yolk s a c  larvae were exposed t o  co ld  
thermal shocks as desc r ibed  f o r  prev ious  experiments .  Day of ha t ch  and day 
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1 yolk s a c  larvae were t h e  two s t a g e s  used. Two types  of p r e d a t i o n  experi-  
ments were conducted. The f i r s t  experiments  t e s t e d  t h e  a b i l i t y  of t h e  
larvae t o  avoid  a p reda to r  immediately a f t e r  exposure t o  thermal  shock; t h e  
second t e s t e d  t h i s  avoidance a b i l i t y  a f t e r  a recovery  pe r iod  of 1 h. 
Although some f i s h e s  were t e s t e d  as p o t e n t i a l  p r e d a t o r s  i n  t h e  experiments ,  
it was  d i f f i c u l t  t o  develop uniform feed ing  mot iva t ion ;  t h u s  behav io ra l  
f a c t o r s  a s s o c i a t e d  wi th  t h e  p reda to r  would have been an  a d d i t i o n a l  f a c t o r  
which would have added v a r i a b i l i t y  t o  t h e  r e s u l t s .  We t h e r e f o r e  t e s t e d  a 
s t o c h a s t i c  
p laced  a t  a c o n s i s t e n t  l e v e l  about 4 cm deep i n  t h e  beaker .  The p r e d a t o r  
tank system was se t  up i n  t h e  fo l lowing  manner. A c e n t r a l  r e s e r v o i r  tank  
w a s  f e d  a cons t an t  supply of f i l t e r e d  seawater ;  t h i s  tank  i n  t u r n  suppl ied  
a cons t an t  water f low t o  a 5 - l i t e r  beaker  by means of a 5-mm i n n e r  diameter  
input  siphon. This beaker  was t h e  hold ing  beaker ;  t h e  "preda tor  siphon" 
was f i x e d  i n t o  p o s i t i o n  on t h e  hold ing  beaker  so  t h a t  t h e  water ou tpu t  
would be cons t an t  and from t h e  same s i t e .  The p r e d a t o r  s iphon d ra ined  i n t o  
a 1- l i ter  "recovery" beaker  l i n e d  wi th  Nitex mesh screening  and suspended 
i n  t h e  water column wi th  r i n g s  of Styrofoam. This  system produced a con- 
s t a n t  f low r a t e  which r e s u l t e d  i n  t h e  p reda to r  e f f e c t  of l a r v a e  be ing  
siphoned ou t  of t h e  hold ing  beaker .  A d u p l i c a t e  system of 6 hold ing  
beakers  was se t  up s o  t h a t  a complete experiment of 1 2  samples could  be 
conducted a t  one t i m e .  The output  flow r a t e  of t h e  p r e d a t o r  s iphon was set 
a t  two l e v e l s ,  from 130 t o  165 ml/min and 80 t o  120 ml/min. The f low rates  
were s e t  d a i l y  a t  t h e  beginning of each experiment and rechecked pe r iod i -  
c a l l y  dur ing  t h e  experiment.  A f t e r  t h e  l a r v a e  were p laced  i n  t h e  hold ing  
beakers ,  t h e  experiments  were run  f o r  2 h a t  t h e  130-165 ml/min f low r a t e ,  
and 3 h a t  t h e  80-120 ml/min f low rate .  
system, because of t h e  l a r g e  volume of seawater used,  w a s  r u n  a t  ambient 
seawater cond i t ions ,  i . e . ,  23.6' t o  24.2'C. 

"simulated p reda to r "  which c o n s i s t e d  of a 5-mm s iphon tube  

The wa te r  i n  t h e  p r e d a t o r  tank  

I n  t h e  f i r s t  experiments ,  t h e  l a r v a e  were p l aced  i n t o  t h e  ho ld ing  
beakers  of t h e  p reda to r  tank  system immediately a f t e r  removal from t h e  cold 
shock tank.  When t h e  l a r v a e  were put i n  t h e  hold ing  beaker ,  t h e  output  
s iphon was covered f o r  30 sec t o  prevent  larvae from be ing  removed due t o  
i n i t i a l  tu rbulence .  Larva dea ths  were counted i n  t h e  1 - l i t e r  recovery  
beakers  a t  10-min, 1-h, and 2-h i n t e r v a l s  a t  t h e  130-165 ml/min f low r a t e s  
and a t  lo-anin, and 1-, 2-, and 3-h i n t e r v a l s  a t  t h e  80-120 ml/min f low 
rates. The experiment was then  terminated and t h e  numbers of s u r v i v o r s  and 
dea ths  i n  t h e  5 - l i t e r  ho ld ing .beake r ,  as w e l l  as t h e  number i n  t h e  recovery 
beaker ,  were recorded.  Surv ivors  were no t  used i n  subsequent experiments .  
I n  t h e  second type  of experiments ,  a 1-h recovery  per iod  was in t roduced  
between removal of t h e  larvae from t h e  co ld  shock tank  and p l ac ing  them 
i n t o  t h e  p r e d a t o r  tank  system. 
was conducted as descr ibed  above. 

The remainder of t h e  p r e d a t i o n  experiment 

Data a n a l y s i s  cons i s t ed  p r i m a r i l y  of three-way a n a l y s i s  of v a r i a n c e  
(ANOVA) with  Duncan's m u l t i p l e  range (Nie e t  a l .  1975) t es t  t o  compare 
t rea tment  means. Two ANOVA's were run  f o r  each experiment.  The d a t a  
analyzed i n  t h e  f i r s t  were p ropor t ion  s u r v i v a l ,  wi th  f a c t o r s  d e l t a  T ( t h r e e  
l e v e l s ) ,  s t a g e  of development (va ry ing  l e v e l s ) ,  and exposure t i m e  ( f o u r  
l e v e l s ,  where c o n t r o l s  comprised z e r o  exposure t ime) .  I n  t h e  second ANOVA, 
t h e  datum analyzed was p ropor t ion  excess  m o r t a l i t y .  Since c o n t r o l  m o r t a l i t y  
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var i ed  wi th  egg q u a l i t y ,  mean m o r t a l i t y  va lues  f o r  c o n t r o l s  were s u b t r a c t e d  
from t h e  r e l e v a n t  t rea tment  v a l u e s  t o  determine ' 'excess mor t a l i t y . ' '  Both 
va lues ,  as p ropor t ions  were a r c s i n  t ransformed b e f o r e  running t h e  ANOVA. 

RESULTS 

Thermal Exposure Experiments 

Coryphaena hippurus,  Mahimahi 

Five complete tes ts  were conducted us ing  s i x  s t a g e s  of mahimahi eggs 
and l a r v a e  wi th  t h r e e  t es t s  a t  5 C o ,  one t e s t  a t  1 0  C o ,  and one t e s t  a t  1 5  
C o .  For 0 h p o s t f e r t i l i z a t i o n  eggs,  d rops  of 10  and 15  C o  produced 100% 
m o r t a l i t i e s  w i t h i n  1 2  h of exposure t o  t h e  co ld  shock (F ig ,  2;  Table  1 ) .  
These eggs,  shocked between t h e  2 and 16 c e l l  s t a g e ,  f a i l e d  t o  develop 
beyond t h e  g a s t r u l a  s t a g e  and died.  The c o n t r o l  eggs,  from t h e  same age 
group, however, were developing normally and a t  t h e  e a r l y  neu ru la  s t age .  
Newly f e r t i l i z e d  eggs exposed t o  5 C o  d e l t a  T had h i g h e r  excess  m o r t a l i t i e s  
than  l a t e r  s t a g e s  exposed t o  t h e  same d e l t a  T and exposure t i m e  (Table  2) .  
The 1 2  h p o s t f e r t i l i z a t i o n  eggs were shocked a t  t h e  l a t e  g a s t r u l a - e a r l y  
neuru la  s t a g e .  Again, t h e  g r e a t e s t  excess  m o r t a l i t i e s  were observed a t  
d e l t a  T 1 5  C o ,  and decreased a t  t h e  lower d e l t a  T ' s  (Table  2 ) .  The 24 h 
p o s t f e r t i l i z a t i o n  eggs were exposed t o  thermal  shock a t  t h e  developing 
embyro s t a g e :  
of t h e  egg, t h e  o p t i c  v e s i c l e s  were formed, and t h e  yolk  was pigmented. 
Excess m o r t a l i t y  of t h e  eggs exposed a t  t h i s  s t a g e  was s i g n i f i c a n t l y  lower 
than  eggs exposed a t  e a r l i e r  s t ages .  Excess m o r t a l i t y  increased  i n  eggs 
exposed t o  g r e a t e r  d e l t a  T I S ,  bu t  o v e r a l l  excess  m o r t a l i t y  i n  t h i s  age 
group w a s  r e l a t i v e l y  low. 

The embryo occupied approximately one-half t h e  circumference 

I n  a l l  t h e  egg s t a g e s  shocked and r e a r e d  t o  ha t ch ing  i n  t h e  1-l i ter  
beakers ,  dea ths  were observed on t h e  day of ha t ch  (Table  3 ) .  This  was a l s o  
t r u e  f o r  t h e  c o n t r o l s  i n  t h e  1- l i ter  beakers .  This  i nc reased  m o r t a l i t y  on 
day of ha t ch ,  however, was n o t  observed i n  t h e  1 0 0 - l i t e r  r e a r i n g  tank. 
Perhaps t h e  smal l  s i z e  of t h e  1-l i ter  beakers  induced mechanical damage 
which r e s u l t e d  i n  t h e s e  m o r t a l i t i e s ,  but  excess  m o r t a l i t y  over  c o n t r o l s  was 
c l e a r l y  seen  (Table  4 ) .  
experiments concerns m o r t a l i t i e s  of t h e  c o n t r o l s .  Typ ica l ly ,  t h e  c o n t r o l  
m o r t a l i t i e s  a re  h ighes t  f o r  t h e  e a r l i e s t  s t a g e  eggs (Tables  1-41. I n  our  
experiments ,  only l ive eggs were used i n  t h e  s t a r t  of t h e  experiments.  
Thus even i n  t h e  hold ing  t anks ,  egg m o r t a l i t i e s  may have occurred b e f o r e  
eggs were used i n  l a t e r - s t a g e  egg experiments.  E a r l y  s t a g e s  of development 
a r e  l i k e l y  t o  have t h e  h i g h e s t  inc idence  of n a t u r a l  m o r t a l i t i e s  due t o  
deformations o r  g e n e t i c  d e f e c t s  (Vladimirov 1975; Longwell and Hughes 
1981). 
c o n t r o l s ;  t h e  h i g h e s t  inc idence  of abnorma l i t i e s  w a s  i n  t h e  newly f e r t i -  
l i z e d  eggs (Table  5). 

One t h i n g  which should be poin ted  out  f o r  t h e s e  

This  i s  indeed observed i n  t h e  percentages  of abnorma l i t i e s  i n  t h e  

Abnormali t ies  observed i n  t h e s e  experiments  inc luded  yolk  and o i l  
g lobule  d e f o r m i t i e s ,  bent  body, t a i l  and head d e f o r m i t i e s ,  and an amorphous 
embryo mass. Abnormali t ies  i n  0 h p o s t f e r t i l i z a t i o n  eggs were more common 
than  i n  eggs exposed t o  co ld  thermal  shock a t  l a t e r  s t a g e s  (Table  5 ) ;  t h e  
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incidence of abnorma l i t i e s  i n  t h e  1 2  h p o s t f e r t i l i z a t i o n  eggs was g r e a t e r  
than t h a t  i n  eggs shocked a t  24 h p o s t f e r t i l i z a t i o n .  The 1 2  and 24 h s t age  
egg d a t a  could n o t  e f f e c t i v e l y  be compared t o  t h e  0 h s t age  egg da ta  due 
t o  t h e  100% m o r t a l i t i e s  a t  t h e  h i g h e r  d e l t a  T ' s  (Table  5 ) .  
of abnorma l i t i e s  i n  t h e  24 h p o s t f e r t i l i z a t i o n ,  however, w a s  v e r y  low. 

The percentage  

The r e s u l t s  f o r  t h e  l a r v a l  s t a g e s  were almost  i nve r se  t h a t  seen  f o r  t h e  
egg s t ages .  The newly hatched l a r v a e  have lower excess  m o r t a l i t i e s  t han  day 
2 and day 4 pos tha tch  feeding  l a rvae .  
s i g n i f i c a n t l y  a f f e c t s  t h e  s u r v i v a l  of t h e  day of ha t ch  l a r v a e  (Table  6 ) .  
The day 2 and day 4 l a rvae  have s i g n i f i c a n t l y  h i g h e r  excess  m o r t a l i t y  than  
day of ha t ch  l a r v a e  (Table 7). 
r e a c t i o n s  t o  t h e  co ld  shock; they turned s l i g h t l y  dark ,  sank t o  t h e  bottom 
of t h e  beaker ,  and were l e s s  a c t i v e .  
t u r e  water  ba th ,  they qu ick ly  resumed t h e i r  normal c o l o r a t i o n  and p o s i t i o n  
i n  t h e  water  column. 
thermal shock were d i r e c t l y  p ropor t iona l  t o  t h e  magnitude of d e l t a  T. The 
g r e a t e r  m o r t a l i t i e s  seen i n  day 2 and day 4 l a r v a e  may have been a r e s u l t  of 
s t a r v a t i o n .  Although, t h e  l a r v a e  were f ed  be fo re  t h e  experiments ,  t h e  r ap id  
metabolism of t h e s e  l a r v a e  a t  26°C could have r e s u l t e d  i n  s u b l e t h a l  s t r e s s  
w i th in  t h e  24 h postshock pe r iod ;  t h e  excess  m o r t a l i t i e s  (Table  7) may have 
been t h e  r e s u l t  of t h e  a d d i t i o n a l  s t r e s s  of t h e  thermal shock. 

Nei ther  t h e  d e l t a  T no r  t h e  exposure 

In  our experiments ,  a l l  l a r v a e  showed s i m i l a r  

When r e t u r n e d  t o  t h e  ambient tempera- 

The degree and speed of t h e i r  response t o  t h e  co ld  

Analyses of t h e  mahimahi egg and l a r v a  d a t a ,  i nc lud ing  t h e  t rea tment  
of eggs and l a r v a e  s e p a r a t e l y  and combined, a r e  presented  i n  Table 8. 
I n t e r a c t i o n  e f f e c t s  of t h e  f a c t o r s  a r e  not  considered.  Genera l ly ,  t h e  
ANOVA a n a l y s i s  on t h e  excess  m o r t a l i t y  most c l e a r l y  demonstrates  t h e  impor- 
t a n t  e f f e c t s ;  t h e s e  d a t a  a r e  presented  g r a p h i c a l l y  i n  F igure  3 .  Overa l l ,  
t h e  most s i g n i f i c a n t  e f f e c t s  were from d e l t a  T and developmental s t a g e ,  and 
exposure time had no e f f e c t  ( t h e  e f f e c t  of exposure t ime i n  t h e  a n a l y s i s  of 
percent  mean m o r t a l i t y  i s  s i g n i f i c a n t ,  but  t h i s  i s  due t o  t h e  i n c l u s i o n  of 
c o n t r o l s  a s  ze ro  exposure t i m e ;  t h i s  group i s  s i g n i f i c a n t l y  l e s s  i n  a l l  
cases  but  t r ea tmen t  means a r e  equa l ) .  
f o r  a l l  d a t a  combined and f o r  eggs,  but  n o t  f o r  l a r v a e  a lone .  For t h e  
combined a n a l y s i s ,  t h e  5 C" d i f f e r e d  from t h e  10  and 1 5  C o  d a t a ,  whereas 
f o r  t h e  eggs,  t h e  t rea tment  means increased  wi th  i n c r e a s i n g  d e l t a  T. A s  a 
func t ion  of developmental s t a g e ,  i n  t h e  combined a n a l y s i s ,  excess  m o r t a l i t y  
f o r  newly f e r t i l i z e d  eggs i s  S i g n i f i c a n t l y  g r e a t e r  than  t h a t  f o r  t h e  group 
wi th  1 2  h eggs and a l l  t h r e e  .larval groups; t h e  24 h p o s t f e r t i l i z a t i o n  eggs 
s u f f e r  s i g n i f i c a n t l y  lower excess  m o r t a l i t y  than  e i t h e r  group. 
a lone ,  each group d i f f e r s  i n  t h e  same manner a s  i n  t h e  combined a n a l y s i s ,  
whereas t h e  l a r v a l  groups analyzed a lone  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Acanthurus t r i o s t e g u s ,  Manini 

The e f f e c t s  of d e l t a  T were apparent  

For eggs  

Three complete t e s t s ,  one a t  each d e l t a  T ,  were conducted us ing  t h e  
t h r e e  s t a g e s  of manini eggs and l a r v a e  (Table 9 ) .  The r e s u l t s  (F ig .  4) 
were s i m i l a r  t o  those  i n  t h e  mahimahi experiments.  
m o r t a l i t i e s  increased  wi th  inc reas ing  d e l t a  T (Table  9 ) .  The l a t e r  egg 
s t a g e  (18 h p o s t f e r t i l i z a t i o n )  had g r e a t l y  decreased m o r t a l i t i e s  a t  a l l  
d e l t a  T ' s .  Because i n t e r m i t t e n t  observa t ions  were no t  made on t h e  l a r v a e ,  
and because t h e  hatched l a r v a e  were very f r a g i l e ,  abnormali ty  d a t a  were no t  

For newly hatched eggs,  
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obtained.  
high m o r t a l i t i e s  (Table  9 ;  Fig.  4 ) ;  when c a l c u l a t e d  as excess  m o r t a l i t y  
(Table  101, no t r e n d s  r e l a t e d  t o  d e l t a  T ' s  o r  exposure per iod  were apparent .  
The manini  d a t a  showed s i g n i f i c a n t  e f f e c t s - o f  a l l  v a r i a b l e s  when mean per- 
cen t  m o r t a l i t y  d a t a  were inc luded ,  but exposure t i m e  was n o t  s i g n i f i c a n t  
when cons ider ing  excess  m o r t a l i t y  (Table  11 ) .  Pe rcen t  excess  m o r t a l i t y  f o r  
5 and 10 G o  d e l t a  T w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t ,  but  bo th  d i f f e r e d  from 
1 5  C o  d e l t a  T. The only s i g n i f i c a n t  e f f e c t  of developmental  s t a g e  was t h a t  
18 h p o s t f e r t i l i z a t i o n  eggs had a very  low m o r t a l i t y  (Table  11). 

The day 1 yolk  s a c  l a r v a e ,  i nc lud ing  t h e  c o n t r o l s  showed very  

Mugil cephalus ,  Mullet  

The j u v e n i l e  m u l l e t  w e r e  used i n  two complete ser ies  of experiments.  
I n  t h e  f i r s t  ser ies ,  l a r g e r  f i s h  (mean 50.1 mm SL) were used i n  t h r e e  t es t s  
a t  each d e l t a  T w i th  t h r e e  r e p l i c a t e s .  I n  t h e  second ser ies ,  smaller f i s h  
(mean 33.0 mm SL) were used wi th  two r e p l i c a t e s .  
between t h e  groups of f i s h  was s i g n i f i c a n t  ( t - t e s t ,  P<O.Ol), bu t  t h e r e  was 
no s i g n i f i c a n t  d i f f e r e n c e  i n  excess  m o r t a l i t y  ( t - t e s t ,  P>0.05; Table  12);  
da ta  from both s e r i e s  of experiments  were thus  combined. 
mu l l e t  showed no s i g n i f i c a n t  excess  m o r t a l i t y  a t  5 and 10 C o  d e l t a  T (F ig .  
5 ) .  
t y p i c a l l y  turned  dark,  decreased a c t i v i t y ,  and remained n e a r  t h e  b o t t m  of 
t h e  con ta ine r .  A few of t h e  f i s h  a t  10 G o  d e l t a  T swam i n  quick ,  j e r k i n g  
motions f o r  a few seconds b e f o r e  s e t t l i n g  l i k e  t h e  o the r s .  A t  1 5  C" d e l t a  
T, however, t h e  f i s h  p laced  i n  t h e  water swam i n  s i m i l a r  qu ick ,  and j e r k i n g  
motions w i t h  t h e i r  opercula  f l a r e d  and l o s t  equi lbr ium a f t e r  a few seconds. 
Most of t h e  f i s h  t h a t  e x h i b i t e d  t h i s  behavior  d i d  n o t  r ecove r  and d i ed ;  25% 
of t h e  f i s h  d i d  recover  and surv ived  t o  t h e  end of t h e  experiment (Table  12) .  
I n  t h e s e  experiments ,  u n l i k e  t h e  ones above, exposure t i m e  d i d  have a s ig -  
n i f i c a n t  e f f e c t  on excess  m o r t a l i t y  wi th in  t h e  1 5  C o  d e l t a  T. A s  t h e  
exposure t i m e  increased ,  excess  m o r t a l i t y  a l s o  i n c r e a s e d  (Tables  12 ,  13). 

The s i z e  d i f f e r e n c e  

The j u v e n i l e  

Behaviora l ly ,  j u v e n i l e s  p laced  i n t o  t h e  c o l d  shock a t  t h a t  tempera ture  

P reda t ion  Experiments 

Mahimahi Larvae 

Two complete s e r i e s  of experiments  were conducted us ing  two s t a g e s  of 
mahimahi y o l k  s a c  larvae. Each ser ies  was r u n  w i t h  and wi thout  a 1-h 
recovery per iod  between t h e  thermal shock and t r a n s f e r r i n g  t h e  l a r v a e  i n t o  
t h e  p reda to r  tank. The f i r s t  s e r i e s  was r u n  a t  a f e s t e r  f low r a t e  (130-165 
ml/min) tilan t h e  second ser ies  (80-120 ml/min) ; t h e  d i f f e r e n c e  between 
r e s u l t s  f o r  t h e  two flow r a t e s  was n o t  marked, bu t  excess  m o r t a l i t y  f o r  t h e  
f a s t e r  f low r a t e  w a s  g r e a t e r  f o r  a recovery pe r iod  ( c f .  Table 1 4  w i t h  15 ) .  
Excess m o r t a l i t y  inc reased  w i t h  i n c r e a s i n g  d e l t a  T, as w e l l  as w i t h  
inc reas ing  exposure t i m e  (Table  1 6 ) .  There w a s  a l s o  a s i g n i f i c a n t  d i f f e r -  
ence between t h e  two larval s t a g e s  and t h e i r  r e a c t i o n  t o  p reda t ion .  Newly 
hatched larvae were very  buoyant and f l o a t e d  p a r a l l e l  t o  and on t h e  water 
sur face .  Day 1 l a r v a e  were l e s s  buoyant and remained e i t h e r  i n  midwater o r  
on t h e  bottom; t h e i r  heads were t y p i c a l l y  o r i e n t e d  toward t h e  bottom. 
Gent le  a e r a t i o n  i n  t h e s e  experiments  helped a l l e v i a t e  t h i s  d i f f e r e n c e .  The 
a b i l i t y  of day 1 larvae t o  d e t e c t  and escape t h e  s imula ted  p r e d a t o r  was 
n o t i c e a b l y  g r e a t e r  t han  t h e  d e t e c t i o n  and escape response  of newly hatched 
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l a rvae .  These d a t a  show s e v e r a l  t rends .  As mentioned above, t h e  d i f f e r e n c e  
between t h e  two experiments ,  which used d i f f e r e n t  f low rates  f o r  t h e  simu- 
l a t e d  p r e d a t o r ,  occurred when a recovery pe r iod  w a s  included.  The f a s t e r  
f low r a t e  of experiment I t y p i c a l l y  r e s u l t e d  i n  g r e a t e r  excess  m o r t a l i t y  i f  
a 1-h recovery pe r iod  was used. 
g r e a t e r  excess  m o r t a l i t y  wi th  no recovery pe r iod  as compared t o  a 1-h recov- 
e ry  per iod  i n  t h e  absence of t h e  s imulated p r e d a t i o n  (Table  17 ) .  Considering 
experiment I, without  a recovery  per iod ,  t h e r e  were no s i g n i f i c a n t  e f f e c t s  
of e i t h e r  d e l t a  T o r  developmental  s t age ,  a l though a l l  t r ea tmen t s  had s i g n i f -  
i c a n t  excess  m o r t a l i t y .  Exposure t i m e  showed a n  unexpected e f f e c t ;  t h e  
s h o r t e s t  exposure t i m e  w a s  c h a r a c t e r i z e d  by t h e  g r e a t e s t  excess  m o r t a l i t y  
( t h i s  was n o t  observed i n  experiment 11). 
v a r i a b l e s  showed s i g n i f i c a n t  d i f f e r e n c e s  among t r e a t m e n t s  (Table  1 7 ) .  The 
g r e a t e s t  excess  m o r t a l i t y  w a s  apparent  a t  t h e  h i g h e s t  d e l t a  T, t h e  l a t e r  
developmental s t a g e ,  and t h e  s h o r t e s t  exposure t i m e  ( aga in  n o t  appa ren t  i n  
experiment 11). 

Within experiments  t h e r e  i s  g e n e r a l l y  a 

With a recovery  pe r iod ,  a l l  t h r e e  

D I  S CU S SION 

Surv iva l  of f i s h e s  through e a r l y  l i f e  h i s t o r y  s t a g e s  i s  a n  important  
a spec t  of popu la t ion  dynamics and should be s t u d i e d  when adverse  environ- 
mental impacts  may a f f e c t  i t .  Oviparous f i s h e s  which produce l a r g e  numbers 
of small eggs obvious ly  s u f f e r  h igh  m o r t a l i t y  i n  e a r l y  l i f e  h i s t o r y  s tages .  
The major sources  of m o r t a l i t y  f o r  t h e s e  e a r l y  s t a g e  larvae are  s t a r v a t i o n  
and p r e d a t i o n  (Hunter 1976, 1981).  Environmental p e r t u r b a t i o n  o r  p o l l u t i o n  
may c l e a r l y  inc rease  m o r t a l i t i e s  dur ing  t h e s e  e a r l y  l i f e  h i s t o r y  s t a g e s  
through e i t h e r  d i r e c t  e f f e c t s  (Hunter e t  a l .  1979; Longwell and Hughes 
1981) o r  s u b l e t h a l  e f f e c t s  (Rosenthal  and Alderd ice  1976) 
t i o n ,  depending upon t h e  magnitude, may be e i t h e r  l e t h a l  o r  s u b l e t h a l  t o  
a q u a t i c  organisms. 

Thermal pol lu-  

High tempera tures ,  such as  those  encountered i n  t y p i c a l  n u c l e a r  o r  o i l -  
f i r e d  e l e c t r i c a l  gene ra t ion  o p e r a t i o n s ,  have been shown t o  have p o t e n t i a l l y  
nega t ive  impacts  upon e a r l y  l i f e - h i s t o r y  s t a g e s  of marine f i s h e s  (Smith e t  
a l .  1979; Talmage and Coutant 1979; Barker e t  a l .  1981).  These s t u d i e s ,  
however, have t y p i c a l l y  been conducted i n  tempera te  r eg ions ,  where f i s h e s  
may be more eurythermal t h a n  i n  t r o p i c a l  r eg ions .  F ish  k i l l s  from e i t h e r  
co ld  weather  o r  i n t r u s i o n s  of co ld  water have been documented i n  t r o p i c a l  
r eg ions  (Bohnsack 19831, demonstrat ing t h a t  t r o p i c a l  f i s h e s  g e n e r a l l y  have 
less t o l e r a n c e  t o  low tempera ture  shock than  tempera te  f i s h e s ;  f u r t h e r ,  
acc l ima t ion  t o  low tempera ture  i s  t y p i c a l l y  s lower than  t o  h igh  temperature  
(Doudoroff 1942).  
t o  t h e  upper range of tempera tures  experienced by a spec ie s ,  a s  shown by 
l abora to ry  s t u d i e s  (Medvick and M i l l e r  19791, d i s t r i b u t i o n a l  s t u d i e s  
(Nor r i s  19631, and growth s t u d i e s  (Boehler t  1982; Boehler t  and Yoklavich 
1983).  
s t a g e s  of t r o p i c a l  f i s h e s .  

Ear ly  l i f e  h i s t o r y  s t a g e s  of f i s h e s  may a l s o  be adapted ' 

Thus co ld  shock may e x e r t  a s t rong  n e g a t i v e  e f f e c t  upon e a r l y  l i f e  

Our r e s u l t s  suggest  t h a t  lowered tempera tures  l i k e l y  t o  be encountered 
by a f i s h  egg o r  larva i n  an  OTEC o p e r a t i o n  (F ig .  1 )  may indeed cause  
increased  m o r t a l i t i e s .  The h i g h e s t  excess  m o r t a l i t i e s  due s t r i c t l y  t o  t h e  
thermal e f f e c t s  occur  f o r  t h e  ea r l i e s t  developmental  s t a g e s  of eggs f o r  
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mahimahi (F igs .  2-3; Tables  2, 4 ,  7 )  and manini (F ig ,  4 ;  Table 1 0 ) .  
l a t e r  s t a g e  eggs s u f f e r  less thermal  m o r t a l i t y ,  l a r v a e  show p a r t i c u l a r l y  
high m o r t a l i t y  i n  l a t e r  s t a g e s ,  but  t h i s  occurs  i n  t h e  c o n t r o l s  as  w e l l ,  
imp l i ca t ing  e i t h e r  problems w i t h  t h e  r e a r i n g  system o r  s t a r v a t i o n - r e l a t e d  
e f f e c t s ,  Nonetheless,  t h e  s i g n i f i c a n t  excess  m o r t a l i t i e s  i n  t h e  larval 
s t a g e s  show t h a t  s u b l e t h a l  e f f e c t s  may be exe r t ed  upon t h e s e  s t a g e s ,  making 
t h e  p r o b a b i l i t y  of subsequent m o r t a l i t y  h ighe r  (Mazeaud e t  a l .  1977) .  For 
t h e  j u v e n i l e  f i s h  considered i n  t h i s  s tudy ,  s i g n i f i c a n t  m o r t a l i t y  w a s  on ly  
observed a t  d e l t a  T 15 C o  (F ig .  5 ) .  This  i s  cons ide rab ly  h ighe r  t h a n  planned 
temperature  changes f o r  a p a r c e l  of water  e n t r a i n e d  i n  t h e  warmwater i n t a k e  
(Fig.  1 ) .  

Whereas 

Entrainment of f i s h  eggs o r  larvae through a n  OTEC f a c i l i t y  would 
r e s u l t  i n  s e v e r a l  stresses, inc lud ing  thermal  (F ig .  11, p r e s s u r e  and 
mechanical e f f e c t s ,  exposure t o  b i o c i d e s ,  and displacement  from t h e  primary 
h a b i t a t .  
m o r t a l i t y  of en t r a ined  f i s h  eggs and l a rvae .  
thermal stresses a lone  w i l l  n o t  r e s u l t  i n  such h igh  m o r t a l i t y ,  bu t  syner- 
gism of thermal e f f e c t s  w i th  t h e  o t h e r  d i r e c t  impacts  (Hoss e t  a l .  1977) 
may r e s u l t  i n  h igh  m o r t a l i t i e s  b e f o r e  t h e  larvae l eave  t h e  system i n  t h e  
e f f l u e n t .  Moreover, s u b l e t h a l  e f f e c t s ,  i nc lud ing  developmental anomalies ,  
deformation, increased  v u l n e r a b i l i t y  t o  p r e d a t i o n ,  and displacement  from 
feeding  a r e a s ,  may occur a t  t h i s  po in t .  
d a t a  t o  t h e  con t r a ry ,  we suppor t  Matsumoto's assumption of 100% m o r t a l i t y  
of en t r a ined  f i s h  eggs and e a r l y  s t a g e  larvae. 

Matsumoto' suggested t h a t  t h e s e  e f f e c t s  would r e s u l t  i n  100% 
Our r e s u l t s  sugges t  t h a t  t h e  

For t h e s e  r easons ,  and l a c k i n g  
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Table 1.--Thermal exposure experiment on mahimahi, Coryphaena h i m u r u s ,  
egg s t a g e s .  Percent  mean m o r t a l i t y  of t h r e e  egg s t a g e s  12  h post thermal  
shock exposure da ta .  The d e l t a  T 5 Co v a l u e s  a r e  means of t h r e e  s e p a r a t e  
experiments. 

Percent  mean m o r t a l i t y  

Exposure 0 h post-  1 2  h post-  24 h post-  
Del ta  T time f e r t  il i z a  t i o n  f e r t i l i z a t i o n  f e r t  il i z a  t i o n  

(CO) (min) eggs eggs eggs 

8 31.98 6.65 
5 16 25.59 14.52 

24 26.16 11.21 
Control  20.23 9.69 

8 100 .oo 7.50 
1 0  16 100.00 12.71 

24 100 .oo 11.67 
Control  2.27 2.03 

8 100.00 63.99 
1 5  16 100.00 88.90 

24 100.00 84.52 
Control 15.20 7.48 

0.41 
0.20 
0.88 
0.41 

0 
1.39 
2.14 

0 

0.85 
0 

8.1 5 
2.67 
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Table 2.--Themal exposure experiment on mahimahi, Corvphaena h ippurus ,  egg 
s t ages .  Percent  mean e x c e s s  m o r t a l i t y  of t h r e e  egg s t a g e s  1 2  h pos t thermal  
shock exposure da ta .  
of t h e  c o n t r o l  from each r e p l i c a t e  v a l u e ,  t h e n  c a l c u l a t i n g  t h e  f i n a l  mean 
from t h e s e  a d j u s t e d  va lues .  The d e l t a  T 5 Co v a l u e s  are  means of t h r e e  
s e p a r a t e  experiments.  

Excess m o r t a l i t y  was c a l c u l a t e d  by s u b t r a c t i n g  t h e  mean 

Percent  e x c e s s  m o r t a l i t y  

Exposure 0 h post-  1 2  h post-  24 h post-  
Del ta  T t i m e  f e r t i l i z a t i o n  f e r t i l i z a t i o n  f e r t i l i z a t i o n  

( G O )  (min) eggs eg gs  eggs 

5 

10 

1 5  

8 18.93 
16 14.11 
24 14.02 

8 97.73 
16 97.73 
24 97.73 

8 84.80 
16 84.80 
24 84.80 

1.33 0.33 
8.79 0.16 
5.80 0.80 

5.47 0 
10.68 1.39 

9.64 2.14 

56.51 0 
81.42 0 
77.04 5.48 

'At d e l t a  T ' s  10 and 1 5  C o ,  100% m o r t a l i t y  occurred i n  t h e  t e s t  
samples a t  0 h p o s t f e r t i l i z a t i o n  egg s tage .  The numbers a r e  (100% due t o  
f l u c t u a t i o n s  i n  c o n t r o l  samples m o r t a l i t i e s .  
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Table 3 .--Thermal exposure experiment on mahimahi, Corvuhaena h iupurus ,  egg 
s tages .  
developnent and ha tch ing  process .  The d e l t a  T 5 Co v a l u e s  a r e  means of two 
s e p a r a t e  experiments.  

Percent  mean abnormali ty  observed i n  t h r e e  egg s t a g e s  throughout 

Pe rcen t  abnormal i ty  

Ex p o su r  e 0 h post-  1 2  h post-  2 4  h post-  
Delta T t i m e  f e r t i l i z a t i o n  f e r t  il i z a  t ion  f e r t i l i z a t i o n  

( C O )  ( m i d  eggs eggs eggs 

8 4.06 0.96 0 
5 16 3.18 1.18 0 

Control  2.44 0.80 0 
2 4  5.80 1.91 0 -  

1 0  

1 5  

8 
16 
24  

Control  

8 
1 6  
2 4  

Co n t  r ol 

2.69 
2.82 
8.30 
2.13 

7.43 
0.71 
2.73 
0.72 

0 
5 .BO 

0 
0 

0 
0.72 
2.24 

0 

A t  d e l t a  T ' s  10 and 1 5  C o ,  100% m o r t a l i t y  occurred  i n  t h e  t e s t  1 

samples a t  0 h p o s t f e r t i l i z a t i o n  egg s t age .  
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Table 4.--Thermal exposure experiment on mahimahi, Corvphaena h ippurus ,  egg 
s t ages .  
post-thermal shock exposure da ta .  The d e l t a  T 5 C o  v a l u e s  a r e  means of t h r e e  
s e p a r a t e  experiments.  

Percent  mean m o r t a l i t y  of t h r e e  egg s t a g e s  on  t h e  day of h a t c h ,  

Percent  mean m o r t a l i t y  

Exposure 0 h post-  1 2  h post-  24 h pos t -  
Delta T t i m e  f e r t i l i z a t i o n  f e r t i l i z a t i o n  f e r t i l i z a t i o n  

( G O )  (min) eggs eggs eggs 

8 
5 16 

24 
Control  

8 
10 16 

24 
Co n t  r o  1 

8 
1 5  16 

24 
Co n t  r o  1 

56.84 
54.31 
58.54 
48.56 

100.00 
100.00 
100.00 

12.78 

100.00 
100.00 
100.00 

47.27 

16.44 
23.51 
36.01 
26.34 

34.70 
16.91 
33.13 
11.58 

82.29 
92.58 
88.08 
70.54 

34.21 
31.55 
29.10 
30.78 

3.62 
43.30 

5.67 
12.80 

23.05 
50.3 0 
80.08 
70.22 
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Table 5.--Thermal exposure experiment on mahimahi, Corvphaena h ippurus ,  egg 
s t ages .  Percent  mean excess  m o r t a l i t y  of t h r e e  egg s t a g e s  o n  t h e  day of 
hatch,  post thermal  shock exposure da t a .  (See Table 2 f o r  e x p l a n a t i o n  of 
excess  m o r t a l i t y  ca l cu la t ions . )  
s epa ra t e  experiments.  

The d e l t a  T 5 C o  v a l u e s  a re  means of t h r e e  

Percent  e x c e s s  m o r t a l i t y  

0 h post-  1 2  h post-  24 h post-  Exposure 
De l t a  T t i m e  f e r t i l i z a t i o n  f e r t i l i z a t i o n  f e r t i l i z a t i o n  

(CO> (min) eggs eggs eggs 

5 

10 

1 5  

8 
16  
24 

8 
16  
24 

8 
16 
24 

21.80 
18.84 
20.25 

87.22 
87.22 
87.22 

52.73 
52.73 
52.73 

2.70 
5.88 

16.76 

23.1 2 
5.33 

21.55 

11.75 
22.04 
17.54 

14.07 
12.57 

8.1 5 

0 
33.29 

0 

0 
0 

9.86 

' A t  d e l t a  T ' s  10 and 1 5  C o ,  100% m o r t a l i t y  occurred  i n  t h e  t e s t  
samples a t  0 h p o s t f e r t i l i z a t i o n  egg s tage .  
due t o  f l u c t u a t i o n s  i n  c o n t r o l  sample m o r t a l i t i e s .  

The numbers a r e  l e s s  t h a n  100% 
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Table 6.--Thermal exposure experiment on mahimahi, Corvphaena hiPDuruS, 
larval s t a g e s .  Percent  mean m o r t a l i t y  of t h r e e  l a r v a l  s t a g e s  a t  t e r m i n a t i o n  
of experiment. The d e l t a  T 5 Co values  a r e  means of t h r e e  s e p a r a t e  
experiment s. 

Percent  mean m o r t a l i t y  
Exp o sur  e 

Del ta  T t i m e  Day of hatch Day 2 Day 4 
(CO> (min) l a r v a e  l a r v a e  l a r v a e  

5 

10  

1 5  

8 
16 
24 

Control 

8 
16 
24 

Control 

8 
16 
24 

Control 

14.02 
17.17 
27.44 

5.50 

51.67 
38.33 
7 1.40 
45.3 5 

13.33 
17.59 
10.00 

6.93 

35.00 
40.25 
42.1 2 
35.84 

66.14 
51.67 
45.99 
43.68 

49.80 
37.30 
67.41 
18.89 

89.12 
91.64 
93.39 
62.50 

73.43 
84.56 
74.39 
50.44 

96.48 
72.88 
89.74 
93.33 



Table 7 .--Thermal exposure experiment on mahimahi, Coryphaena hippurus,  
l a r v a l  s t a g e s .  Percent  mean e x c e s s  m o r t a l i t y  of t h r e e  l a r v a l  s t a g e s  a t  
t e r m i n a t i o n  of experiment. 
c a l c u l a t i o n s . )  The d e l t a  T 5 C o  v a l u e  a r e  means of t h r e e  s e p a r a t e  experiments.  

(See  Table 2 f o r  e x p l a n a t i o n  of excess  m o r t a l i t y  

Percent  e x c e s s  m o r t a l i t y  
Exposure 

Delta T t i m e  Day of ha tch  Day 2 Day 4 
( C O )  (min) l a r v a e  l a r v a e  l a r v a e  

5 

10 

24 

1 5  

8 
1 6  
24 

8 
16 
24 

8 
16 
24 

10.72 10.40 26.6 2 
14.97 12.65 29.14 
23.16 12.23 30.89 

21.43 27.01 22.99 
6.43 20.87 34.12 

26 .O 5 8.10 23.95 

8.71 30.91 3.15 
12.97 18.41 2.22 
3.71 48.52 0.47 
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Table 9.--Thermal exposure experiment on manini ,  Acanthurus t r i o s t e g u s ,  
and l a r v a l  s t a g e s .  
s tage .  

egg 
Percent  mean m o r t a l i t y  of two egg s t a g e s  and one l a r v a l  

Pe r c e n  t m e  an mort a 1  i t y  

Exposure 0 h post-  18 h post-  
Del ta  T t i m e  f e r t i l i z a t i o n  f e r t i l i z a t i o n  Day 1 

( C O >  (min) eggs eggs l a r v a e  

5 

10  

1 5  

8 
16 
24 

Go nt r ol 

8 
16 
24 

Control  

8 
16 
24 

Co n t  r ol 

25.29 0.71 45.43 
16.90 1.75 71.12 
19.14 0 60.00 
24.25 1.52 32.03 

40.89 24.88 43.1 5 
41.56 19.99 45.70 
44.94 14.97 50.26 
28.46 16.27 32.19 

91 .oo 0 85.93 
63.07 0.7 1 88.65 

6.20 0.77 50.43 
43.51 18.71 89.49 
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Table 10.--Thermal exposure experiment on manini ,  Acanthurus t r i o s t e a u s ,  
egg and l a r v a l  s t a g e s .  
one l a r v a l  s tage.  
c a l c u l a t i o n s .  

Percent  mean excess  m o r t a l i t y  of two egg s t a g e s  and 
(See Table 2 f o r  e x p l a n a t i o n  of e x c e s s  m o r t a l i t y  

Percent  e x c e s s  m o r t a l i t y  

Exposure 0 h post-  18 h post-  
Del ta  T t i m e  f e r t i l i z a t i o n  f e r t i l i z a t i o n  Day 1 

( C O >  (min) eggs eggs l a r v a e  

5 

10 

1 5  

8 
16 
24 

8 
16 
24 

8 
16 
24 

0.20 13.40 2.29 
0 1.25 39.09 

1.44 0 27.97 

12.42 8.61 10.96 
20.44 4.38 13.51 
16.48 1.08 18.07 

84.80 0 35.50 
56.87 0.45 38.22 
37.3 1 17.93 39.06 
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Table 11 .--Thermal exposure experiment on manini,  Acanthurus t r i o s t e g u s ,  egg 
and l a r v a l  s t a g e s .  Three-way ANOVA and Duncan m u l t i p l e  range t e s t  summary. 
R e s u l t s  shown a re  from a r c s i n  t r a n s f o r m a t i o n  d a t a  a n a l y s i s  which have been 
converted back t o  percent  mean m o r t a l i t y  and p e r c e n t  excess  m o r t a l i t y .  The 
r e s u l t s  of t h e  three-way ANOVA and Duncan m u l t i p l e  range t e s t  a r e  g iven  f o r  
t h e  t h r e e  experimental  v a r i a b l e s :  d e l t a  T, developmental  s t age ,  and expo- 
sure .  Duncan m u l t i p l e  range t e s t :  x = mean; D-G = Duncan grouping,  means 
wi th  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
a n a l y s i s :  PR > F va lues ,  0 . 0 5  = NS; (0.05 = *; 0 . 0 1  = *** 3 -  CO.001 = ***. 

Three-way ANOVA 

Variable  

Percent  mean m o r t a l i t y  Percent  e x c e s s  m o r t a l i t y  

X D-G ANOVA X D-G ANOVA 

Del ta  T 5 17.21 
( C O )  10  32.81 

1 5  33.40 

Developmental 

Eg g 0 h 34.48 
18 h 4.27 

Larvae Day 1 56.58 

s t age  

Ex p o sur  e 8 min 31.26 
16 min 31.21 
24 min 31.78 
Control  16.55 

B 
A 
A 

B 
C 
A 

A 
A 
A 
B 

*** 

*** 

*** 

9.69 
11.88 
37.39 

28.98 
3.78 

26.43 

20.69 
20.6 7 
18.17 

B 
B *** 
A 

A 
B *** 
A 

A 
A NS 
A -- 
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Table 13.--Thermal exposure experiment on t h e  s t r i p e d  m u l l e t ,  Mugil 
cephalus , j u v e n i l e  s tage. 
summary. R e s u l t s  shown a r e  from a r c s i n  t r a n s f o r m a t i o n  d a t a  a n a l y s i s  which 
have been converted back t o  p e r c e n t  mean m o r t a l i t y  and p e r c e n t  e x c e s s  mor- 
t a l i t y .  The r e s u l t s  of t h e  three-way ANOVA and Duncan m u l t i p l e  range  t e s t  
a r e  given f o r  t h e  t h r e e  experimental  v a r i a b l e s :  d e l t a  T, developmental 
s t age ,  and exposure.  Duncan m u l t i p l e  range t e s t :  x = mean; D-G = Duncan 
grouping, means w i t h  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
Three-way ANOVA a n a l y s i s :  

Three-way ANOVA and Duncan mu1 t i p l e  1: ange t e s t  

PR > F va lues ,  20.05 = NS; (0.05 = *; - (0.01 = **; 
- KO.001 = ***. 

Percent  mean m o r t a l i t y  Percent  e x c e s s  m o r t a l i t y  

Var i a b  l e  X D-G ANOVA X D-G AH OVA 

Delta T 5 0.10 B 

1 5  43.92 A 
(CO) 10 0.15 B *** 

Exposure 8 min 9.61 A 
16 min 10.47 A *** 
24 min 12.23 A 

Control  0.05 B 

0.33 B 
2.01 B *** 

79.81 A 

21-65 A 
35.97 A NS 
35.36 A -- -- 
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Table 14.--Predation exper iment  on mahimahi, Coryphaena hippurus,  larval 
stages.  Percent  mean larvae consumed by p r e d a t o r  a t  10 min, 1 h, and 2 h 
t i m e  i n t e r v a l s  i n  p r e d a t i o n  experiment  I (130-165 ml/min f low ra t e ) .  DOH = 
day of hatch.  

P e r c e n t  mean mort a1 i t y  

Expo s u r  e Recovery 10 min l h  2 h ( t o t a l )  

(CO) ( m i d  o r  1 h DOH Day 1 DOH Day 1 DOH Day 1 
Delta T t i m e  t i m e ,  0 

5 

10 

15 

8 

16 

24 

Control  

8 

16 

24 

Control  

8 0 
1 

16 0 
1 

24 0 
1 

Contr ol 0 
1 

22.9 
24.5 
14.9 
15.7 
17.3 
16.4 

9.3 
17.0 

11.1 
3.8 
1.9 
4.2 
5.6 
5.8 

0 
3.4 

1.7 
1.8 

0 
0 
0 
0 
0 
0 

9.6 
7.7 

11.3 
1.8 
5.6 
5.6 
3.5 
0 

75 .O 
69.8 
70.2 
47.1 
44.2 
38.2 
61.1 
47.2 

24.4 
15.1 
13.2 
10.6 
17.0 
11.5 
3.6 

13.5 

8.5 
7.1 

12.7 
5.5 
5.3 
3.7 
3.5 
5.2 

15.4 
9.6 

13.2 
3.6 
9.4 
9.4 
5.2 
0 

91.7 28.8 
79.2 14.3 
89.3 25.5 
74.5 18.5 
82.7 7.0 
65.5 11.1 
77.8 8.8 
73.6 8.6 

35.5 36.5 
22.6 11.5 
20.7 17.0 
21.3 7.3 
18.9 13.2 
23.1 13.2 

9.1 7.0 
18.6 0 

10.3 8.6 15.5 32.7 24.1 43.1 
8.8 3.4 8.8 23.7 14.0 42.4 

12.5 1.8 12.5 20.3 21.4 24.1 
3.7 1.7 5.5 1 .7  11.1 8.5 
8.8 13.8 12.3 19.0 17.5 29.3 
3.6 5.3 7 .1  5.3 10.7 16.1 

1.7 3.4 1.7 3.4 3.4 3.4 
1.7 3.4 6.8 3.4 8.5 5.1 
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Table 15.--Predation experiment on mahimahi, Coryphaena hippurus,  l a r v a l  
s t ages .  Percent  mean larvae consumed by preda tor  a t  10 min, 1 h, 2 h, 
and 3 h t i m e  i n t e r v a l s  i n  p reda t ion  experiment I1 (flow ra te  80-120 ml/min). 
DOH = day of hatch.  

1 

I 

Percent  mean m o r t a l i t y  ------- 
Exposure Recovery 1 0  min l h  2 h  3 h ( t o t a l )  

- - - - Delta T t i m e  t i m e ,  0 
(CO) (min) o r  1 h DOH Day 1 DOH Day 1 DOH Day 1 DOH Day 1 

10 

5 8 

16 

24 

Control  

8 

16 

24 

Con t r ol 

8 

16 

24 

Control 

15 

0 5.2 
1 1.7 
0 5.3 
1 1.7 
0 1.7 
1 3.4 
0 1.8 
1 1.7 

0 5.5 
1 10.5 
0 3.5 
1 5.4 
0 5.3 
1 0 
0 0 
1 3.4 

0 5.3 
1 1.8 
0 12.5 
1 5.5 
0 3.6 
1 1.8 
0 1.7 
1 0 

1.7 7.0 
0 3.4 

3.3 8.9 
3.4 5.1 
3.6 5.1 
0 10.2 

3.3 1.8 
0 3.3 

7.5 14.8 
0 12.3 

3.7 17.5 
0 10.9 

1.7 16.1 
1.8 3.8 
5.2 1.7 
1.7 3.4 

8.1 10.7 
0 1.8 

8.6 23.2 
3.3 11.1 
5.1 10.9 
5.1 3.6 
1.7 1.7 
1.7 0 

5.0 
0 

18.3 
5.1 
3.6 
3.4 
3.3 
0 

11.3 
1.7 
9.2 
3.7 
7.0 
1.8 
6.9 
1.7 

17.7 
0 

22.4 
4.9 
6.8 
10.2 
5.2 
1.7 

15.8 
5.2 
32.1 
11.9 
10.2 
11.9 
1.8 
5.0 

31.5 
14.0 
54.4 
12.7 
26.8 
7.5 
8.5 
10.2 

14.3 
1.8 

28.6 
11.1 
14.5 
5.3 
1.7 
0 

6.7 19.3 8.3 
0 5.2 0 

31.7 53.6 40.0 
10.2 18.6 13.5 
3.6 23.7 3.6 
3.4 22.0 3.4 
3.3 7.1 3.3 
1.7 5.0 3.4 

15.1 37.0 17.0 
1.7 22.8 3.4 
16.7 63.1 20.4 
18.5 21.8 22.2 
10.5 35.7 14.0 
3.4 11.3 12.5 
10.3 23.7 12.1 
1.7 18.6 1.7 

21.0 26.8 37.1 
0 3.7 0 

27.6 39.3 34.5 
13.1 18.5 27.9 
8.5 21.8 10.2 
11.9 10.7 16.9 
6.9 5.0 6.9 
3.3 1.7 3.3 
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Table 16.--Predation experiment on mahimahi, Coryphaena hippurus,  larval  
s t ages .  Percent mean l a r v a e  consumed by preda tor  (excess mean m o r t a l i t i e s  due 
t o  preda tor )  f o r  preda t ion  experiments I and 11. Excess m o r t a l i t y  f o r  experi- 
ment I1 ca lcu la t ed  from 2 h (time i n t e r v a l )  data .  (See Table 2 f o r  explana- 
t i o n  of excess  mor t a l i t y  ca l cu la t ions . )  DOH = day of ha tch .  

Percent excess  m o r t a l i t y  -- 
Predat ion  Exposure Recovery Delta T 5 Del t a  T 10 Delta T 15 

series (min or 1 h DOH Day 1 DOH Day 1 DOH Day 1 
experiment t i m e  t i m e ,  0 -- --- 

I 8 

16 

24 

I1 8 

16 

24 

0 
1 
0 
1 
0 
1 

0 
1 
0 
1 
0 
1 

14.01 
8.14 
12.04 
3.12 
7.12 
1.66 

14.03 
2.04 
30.12 
7.09 
10.26 
7 .OO 

23.46 26.92 30.46 15.62 38.43 
8.24 5.35 11.34 10.47 37.70 
16.23 11.67 9.85 13.11 19.47 
7.11 4.44 7.41 7.60 5.37 

5.86 4.43 13.07 7.04 11.34 
2.8 9.78 6.50 9.21 23.61 

4.37 25.05 6.70 12.59 13.91 
0 5.29 1.20 1.67 0 

28.34 45.88 6.77 26.69 20.61 
8.33 3.99 17.19 11.11 6.9 
0.97 18.89 3.54 12.57 4.38 
2.35 1.90 2.49 5.77 6.01 
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Figure  1.--Time-temperature h i s t o r y  f o r  a wa te r  p a r c e l  o r  organism 
en t r a ined  i n t o  t h e  warmwater i n t a k e  of t h e  proposed Kahe P o i n t  f a c i l i t y  
(OTC 1983). 
heated e f f l u e n t  from t h e  nearby o i l - f i r e d  p l a n t ,  dec reases  i n  tempera ture  
as i t  proceeds through t h e  h e a t  exchangers and t h e n  mixes w i t h  t h e  co ld  
water .  The mixed e f f l u e n t  t z k e s  some 8 min t o  r e a c h  t h e  te rminus  of t h e  
p ipe ,  where i t  g radua l ly  i n c r e s a e s  t o  t h e  a a b i e n t  tempera ture  a t  t h e  
r e l e a s e  depth (nea r  100 m). 

A t  t i m e  zero ,  t h e  wa te r  e n t e r s  t h e  p l a n t ,  mixes w i t h  t h e  
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Figure  2.--Results of thermal  exposure experiments  o n  egg (A) and l a r v a l  
( B )  s t a g e s  of mahimahi, Coryphaena h i m u r u s .  Each d a t a  p o i n t  i s  t h e  mean 
of t h r e e  r e p l i c a t e s  w i th  t h e  excep t ion  of t h e  d e l t a  T 5 C" and t h e  con- 
t r o l s ;  t h e  former i s  based upon t h r e e  experiments  and t h e  l a t t e r  t h e  mean 
of c o n t r o l s  r u n  each day. Actual  d a t a  p o i n t s  were a r c s i n  t ransformed be fo re  
t ak ing  means and means were t ransformed back t o  pe rcen t  mean m o r t a l i t i e s .  
Open c i r c l e s ,  0 h p o s t f e r t i l i z a t i o n ;  open t r i a n g l e s ,  1 2  h p o s t f e r t i l i z a t i o n ;  
open squa res ,  2 4  h p o s t f e r t i l i z a t i o n ;  s o l i d  c i r c l e s ,  day of ha t ch  l a r v a e ;  
t r i a n g l e s ,  day 2 larvae; squa res ,  day 4 l a r v a e .  
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Figure  3.--Response s u r f a c e  model of excess  m o r t a l i t y  of egg and l a rva l  
s t a g e s  of mahimahi, Corvphaena h ippurus .  
formed before a n a l y s i s  and d a t a  transformed back t o  p e r c e n t  mean m o r t a l i t i e s  
f o r  p r e s e n t a t i o n .  

Data p o i n t s  were a r c s i n  t r a n s -  
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Figure  4.--Results of thermal  exposure experiments  o n  egg and l a r v a l  s t a g e s  
of manini ,  Acanthurus t r i o s t e g u s .  
formed b e f o r e  t ak ing  means and means were t ransformed back t o  pe rcen t  mean 
m o r t a l i t i e s .  C i r c l e s ,  0 h p o s t f e r t i l i z a t i o n ;  t r i a n g l e s ,  18 h p o s t f e r t i l i -  
z a t i o n ;  squa res ,  day 1 l a r v a e .  

Actual  d a t a  p o i n t s  were a r c s i n  t r a n s -  
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Figure  5?--Results of thermal exposure experiments on j u v e n i l e  s t r i p e d  
m u l l e t ,  Munil cephalus.  Actual d a t a  p o i n t s  were a r c s i n  t ransformed 
be fo re  t a k i n g  means and means were transformed back t o  pe rcen t  mean 
m o r t a l i t i e s .  Each d a t a  p o i n t  i s  t h e  mean of f i v e  r e p l i c a t e s .  




